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(54) COMPOUND COMPRISING CROSSLINKED POLYROTAXANE 



(57) A novel compound and novel gelatinous sub- 
stance which have high absorbability, uniform expan- 
sion, and elasticity. Although conventional gels include 
chemical gels and physical gels, no novel gels or com- 
pounds have been realized which have fracture resist- 
ance, high entropic elasticity, and biodegradability. The 



present invention provides a novel compound and a 
novel gelatinous substance which each comprises a 
crosslinked polyrotaxane obtained by chemically bond- 
ing two or more polyrotaxane molecules through the cy- 
clic molecules or rotators thereof. 
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Description 

Field of the Invention 

[0001] The present invention relates to a novel com- 5 
pound and a novel gelatinous material having high ab- 
sorbability, uniform expandability, and elasticity or vis- 
coelasticity. In particular, the present invention relates 
to a compound comprising crosslinked polyrotaxane, 
which is obtained by linking two or more polyrotaxane 10 
molecules through chemical bonds between cyclic mol- 
ecules or rotators in the inter-polyrotaxane-molecules. 

Description of the Prior Art 

15 

[0002] To date, there are various chemical and phys- 
ical gels. Among these gels, chemical gels in general 
have a so-called network structure in which macromol- 
ecules are crosslinked to each other. Such a network 
structure has some problems: when tension is applied 20 
to chemical gels, the structure is broken down at loca- 
tions where the distances between the crosslinking 
points are short, whereby the gel undergoes non-uni- 
form destruction, since the structure does not have uni- 
form distances from a crosslinking point to its neighbor- 25 
ing points. On the other hand, physical gels are subject- 
ed to gelation by the attraction force between polymers. 
However, physical gels have problems: physical gels 
melt or dissolve at high temperatures or in solvents, and 
crystallize at low temperatures, since their structures 30 
are formed by the attraction force and the physical gels 
tend to undergo permanent deformation. 
[0003] In addition, gels in which crosslinking points 
are movable, gels in which plural polymers are slidable 
each other, so-called slipping or sliding gels, have been 35 
proposed as models since 1950s, and well known in 
studies. Possibilities resulting from the existence of 
such gels have been discussed for various applications. 
However, such gels have not been obtained yet, and re- 
searchers have had the focus on obtaining such gels. 40 
[0004] Japanese Patent Laid-open Publication (JP-A) 
No. 6-25307 discloses compounds referred to as so- 
called polyrotaxane. These compounds are molecules 
in which plural alpha-cyclodextrin molecules as a rotator 
and a polyethylene glycol molecule as the axis are as- 45 
sembled by means of non-covalent bonding and each 
end of the axis is blocked with a blocking group. That is, 
compounds are disclosed in which a polyethylene glycol 
molecule has alpha-cyclodextrin molecules included in 
a skewered manner and each end of the polyethylene 50 
glycol molecule is blocked with a blocking group so as 
not to allow eliminating the alpha-cyclodextrin mole- 
cules from the polyethylene glycol molecule. 
[0005] Although there are various chemical gels well 
known to date, all the gels have properties of their grad- 55 
ual breakdown against tension. In other words, chemical 
gels undergo deformation in response to stress, thereby 
retaining their shape as a whole, whereas their portions 



are destroyed microscopically, and accordingly chemi- 
cal gels have the problem that their breakdown is grad- 
ually caused. On the other hand, physical gels always 
have problems of tending to undergo permanent defor- 
mation and resulting in dissolution at high temperatures 
or in solvents and crystallization at low temperatures, 
because of their properties. 

[0006] In addition, so-called slipping or sliding gels 
have been discussed in theory, and not realized yet. 
[0007] Furthermore, JP-A No. 6-25307 discloses 
polyrotaxane that is a novel compound, and a process 
for producing the same, but does not describe its uses. 

SUMMARY OF THE INVENTION 

[0008] An object of the present invention is to provide 
a third gel, that is, a novel gel having a structure and 
properties which are not possessed by conventional 
chemical and physical gels. 

[0009] Further, an object of the present invention, as 
another object or in addition to the above-described ob- 
ject, is to provide a novel gel or compound in which mov- 
able crosslinking segments allow stress to be dispersed 
within the gel or compound, thereby providing the gel or 
compound with a higher fracture strength than those of 
chemical gels. 

[0010] More, as another object or in addition to the 
above-described objects, an object of the present inven- 
tion is to provide a novel gel or compound having higher 
entropic elasticity than those of physical gels. 
[0011] Moreover, as another object or in addition to 
the above-described objects, an object of the present 
invention is to provide a novel biodegradable gel, a nov- 
el biodegradable compound that can be readily degrad- 
ed by microorganisms. 

[0012] The inventors have carried out intensive re- 
search, and as a result, found that the objects described 
above can be achieved by the present invention as il- 
lustrated by the following <1> to <77>: 

<1 > A compound comprising crosslinked polyrotax- 
ane, wherein the crosslinked polyrotaxane has a 
first and a second polyrotaxane, the first polyrotax- 
ane having a first linear molecule and a first cyclic 
molecule, the first linear molecule having the first 
cyclic molecule included in a skewered manner 
which allows the first linear molecule to pass 
through the opening of the first cyclic molecule, and 
having at each end a first blocking group which is 
placed so as to prevent the elimination of the first 
cyclic molecule; and 

the second polyrotaxane having a second lin- 
ear molecule and a second cyclic molecule, the sec- 
ond linear molecule having the second cyclic mol- 
ecule included in a skewered manner which allows 
the second linear molecule to pass through the 
opening of the second cyclic molecule, and having 
at each end a second blocking group which is 
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placed so as to prevent the elimination of the sec- 
ond cyclic molecules, each opening of the first and 
second cyclic molecules is of substantial ring, and 
the crosslinked polyrotaxane is formed by linking at 
least one of the first cyclic molecules and at least 5 
one of the second cyclic molecules via chemical 
bonding. 

<2> In the compound of item <1 >, the first blocking 
group may have bulkiness and/or ionic property, 
thereby preventing the elimination of the first cyclic 10 
molecules. 

<3> In the compound of item <1>or<2>, the second 
blocking group may have bulkiness and/or ionic 
property, thereby preventing the elimination of the 
second cyclic molecules. 15 
<4> A compound comprising crosslinked polyrotax- 
ane, wherein the crosslinked polyrotaxane has a 
first and a second polyrotaxane, the first polyrotax- 
ane having a first linear molecule and a first cyclic 
molecule, the first linear molecule having the first 20 
cyclic molecule included in a skewered manner 
which allows the first linear molecule to pass 
through the opening of the first cyclic molecule, and 
having at each end a first blocking group which is 
bulky enough to prevent the elimination of the first 25 
cyclic molecule, the second polyrotaxane having a 
second linear molecule and a second cyclic mole- 
cule, the second linear molecule having the second 
cyclic molecule included in a skewered manner 
which allows the second linear molecule to pass 30 
through the opening of the second cyclic molecule, 
and having at each end a second blocking group 
which is bulky enough to prevent the elimination of 
the second cyclic molecules, and the crosslinked 
polyrotaxane is formed by linking at least one of the 35 
first cyclic molecules and at least one of the second 
cyclic molecules via chemical bonding. 
<5> In any one of items <1> to <4>, the first linear 
molecule may have at least two first cyclic mole- 
cules included in a skewered manner and the sec- 40 
ond linear molecule may have at least two second 
cyclic molecules included in a skewered manner. 
<6> In any one of items <1> to <5>, the first linear 
molecule may have the first cyclic molecules includ- 
ed in a skewered manner at an amount of 0.001 to 45 
0.6, preferably 0.01 to 0.5, more preferably 0.05 to 
0.4 of a first maximum inclusion amount, which is 
defined as an amount at which the first cyclic mol- 
ecule can be included at the maximum when the 
first linear molecule has the first cyclic molecule in- 50 
eluded in a skewered manner, and the value at max- 
imum is normalized to be 1 ; and 

the second linear molecule may have the sec- 
ond cyclic molecules included in a skewered man- 
ner at an amount of 0.001 to 0.6, preferably 0.01 to 55 
0.5, more preferably 0.05 to 0.4 of a second inclu- 
sion amount, which is defined as an amount at 
which the second cyclic molecule can be included 



at maximum when the second linear molecule has 
the second cyclic molecule included in a skewered 
manner, and the amount at maximum is normalized 
to be 1 . 

<7> In any one of items <1 > to <6>, the first cyclic 
molecule and the second cyclic molecule may be 
the same or different. 

<8> In any one of items <1 > to <7>, the first linear 
molecule and the second linear molecule may be 
the same or different. 

<9> In any one of items <1 > to <8>, the first linear 
molecule and/or the second linear molecule may 
have a molecular weight of not less than 1 ,000, for 
example, 1,000 to 1,000,000, preferably not less 
than 5,000, for example, 5,000 to 1,000,000 or 
5,000 to 500,000, and more preferably not less than 
10,000, for example, 10,000 to 1,000,000, 10,000 
to 500,000, or 10,000 to 300,000. 
<1 0> In any one of items <1 > to <9>, the first block- 
ing group and the second blocking group may be 
the same or different. 

<1 1 > In any one of items < 1 > to < 1 0>, the first block- 
ing groups at one end and at another end of the first 
linear molecule may be the same or different, and 
the second blocking groups at one end and at an- 
other end of the second linear molecule may be the 
same or different. 

<1 2> In any one of items <1 > to < 11 >, the first and/ 
or the second cyclic molecule may be selected from 
the group consisting of cyclodextrins, crown ethers, 
benzo-crowns, dibenzo-crowns and dicyclohex- 
ano-crowns. 

<13> In any one of items <1 > to <1 2>, the first and/ 
or the second linear molecule may be selected from 
the group consisting of polyethylene glycols, 
polyisoprene, polyisobutylene, polybutadiene, 
polypropylene glycols, polytetrahydrofuran, poly- 
dimethylsiloxane, polyethylene and polypropylene. 
<14> In any one of items <1> to <13>, the blocking 
group may be selected from the group consisting of 
dinitrophenyl groups, cyclodextrins, adamantane 
groups, trityl groups, fluoresceins and pyrenes. 
<1 5> In any one of items <1 > to <1 4>, the blocking 
group may be a backbone or a side chain of a mac- 
romolecule having a molecular weight of 1,000 to 
1,000,000. 

<1 6> In any one of items <1 > to <1 5>, at least one 
of the first cyclic molecules and at least one of the 
second cyclic molecules may be chemically bonded 
by a crosslinking agent. 

<1 7> In item <1 6>, the crosslinking agent may have 
a molecular weight of less than 2,000, preferably 
less than 1 ,000, more preferably less than 600, and 
most preferably less than 400. 
<18> In item <16> or <17>, the crosslinking agent 
may be selected from the group consisting of cya- 
nuric chloride, trimesoyl chloride, terephthaloyl 
chloride, epichlorohydrin, dibromobenzene, glutar- 
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aldehyde, phenylene diisocyanates, tolylene diiso- 
cyanates, divinylsulfone, 1 ,1 -carbonyldiimidazole 
and alkoxysilanes. 

<19> In any one of items <1> to <18>, the cyclic 
molecules may be alpha-cyclodextrin, the linear 5 
molecule may be polyethylene glycol, the blocking 
group may be a dinitrophenyl group, and the 
crosslinking agent may be cyanuric chloride. 
<20> In any one of items <1> to <19>, the com- 
pound may be an elastic material or a solvent-ab- 10 
sorbing material. 

<21> In any one of items <1> to <19>, the com- 
pound may be a viscoelastic material or a solvent- 
absorbing material. 

<22> Crosslinked polyrotaxane comprising at least 15 
two polyrotaxane molecules, each of which has a 
polyethylene glycol molecule and an alpha-cyclo- 
dextrin molecule, the polyethylene glycol molecule 
having the alpha-cyclodextrin molecule included in 
a skewered manner which allows the polyethylene 20 
glycol molecule to pass through the opening of the 
alpha-cyclodextrin molecule, and having at each 
end a blocking group which is placed so as to pre- 
vent the elimination of the alpha-cyclodextrin mole- 
cule, wherein the crosslinked polyrotaxane is 25 
formed by linking the alpha-cyclodextrin molecule 
of each of the two polyrotaxane molecules to each 
other via chemical bonding. 
<23> In item <22>, the crosslinked polyrotaxane 
may comprise a first blocking group having bulki- 30 
ness and/or ionic property, thereby preventing the 
elimination of the first cyclic molecule. 
<24> In item <22> or <23>, the crosslinked polyro- 
taxane may comprise a second blocking group hav- 
ing bulkiness and/or ionic property, thereby pre- 35 
venting the elimination of the second cyclic mole- 
cule. 

<25> Crosslinked polyrotaxane comprising at least 
two polyrotaxane molecules, each of which has a 
polyethylene glycol molecule and an alpha-cyclo- 40 
dextrin molecule, the polyethylene glycol molecule 
having the alpha-cyclodextrin molecule included in 
a skewered manner which allows the polyethylene 
glycol molecule to pass through the opening of the 
alpha-cyclodextrin molecule, and having at each 45 
end a blocking group which is bulky enough to pre- 
vent the elimination of the alpha-cyclodextrin mole- 
cule, wherein the crosslinked polyrotaxane is 
formed by linking the alpha-cyclodextrin molecules 
of each of the two polyrotaxane molecules to each 50 
other via chemical bonding. 

<26> In any one of items <22> to <25>, each of the 
two polyrotaxane molecules may have at least two 
alpha-cyclodextrin molecules included in a skew- 
ered manner by means of asingle polyethylene gly- 55 
col molecule. 

<27> In any one of items <22> to <26>, the poly- 
ethylene glycol molecule may have the alpha-cyclo- 



dextrin molecules included in a skewered manner 
at an amount of 0.001 to 0.6, preferably 0.01 to 0.5, 
more preferably 0.05 to 0.4 of a maximum inclusion 
amount, which is defined as an amount at which al- 
pha-cyclodextrin molecules can be included at 
maximum when a polyethylene glycol molecule has 
plural alpha-cyclodextrin molecules included in a 
skewered manner, and the amount at maximum is 
normalized to be 1 . 

<28> In any one of items <22> to <27>, the blocking 
group may be selected from the group consisting of 
dinitrophenyl groups, cyclodextrins, adamantane 
groups, trityl groups, fluoresceins and pyrenes. 
<29> In any one of items <22> to <28>, the poly- 
ethylene glycol molecule may have a molecular 
weight of not less than 1 ,000, for example, 1 ,000 to 
1 ,000,000, preferably not less than 5,000, for exam- 
ple, 5,000 to 1,000,000 or 5,000 to 500,000, and 
more preferably not less than 10,000, for example, 
1 0,000 to 1 ,000,000, 1 0,000 to 500,000, or 1 0,000 
to 300,000. 

<30> In any one of items <22> to <29>, the blocking 
group may be a backbone or a side chain of a mac- 
romolecule having a molecular weight of 1,000 to 
1,000,000. 

<31> In any one of items <22> to <30>, the chem- 
ical bonding may be formed by means of a 
crosslinking agent. 

<32> In item <31 >, the crosslinking agent may have 
a molecular weight of less than 2,000, preferably 
less than 1 ,000, more preferably less than 600, and 
most preferably less than 400. 
<33> In item <31> or <32>, the crosslinking agent 
may be selected from the group consisting of cya- 
nuric chloride, trimesoyl chloride, terephthaloyl 
chloride, epichlorohydrin, dibromobenzene, glutar- 
aldehyde, phenylene diisocyanates, tolylene diiso- 
cyanates, divinylsulfone, 1 ,1 -carbonyldiimidazole 
and alkoxysilanes. 

<34> In any one of items <22> to <33>, the 
crosslinked polyrotaxane may be an elastic material 
or a solvent-absorbing material. 
<35> In any one of items <22> to <33>, the 
crosslinked polyrotaxane may be a viscoelastic ma- 
terial or a solvent-absorbing material. 
<36> A process for producing a compound compris- 
ing crosslinked polyrotaxane, comprising the steps 
of: mixing a cyclic molecule and a linear molecule 
to prepare polyrotaxane in which the linear mole- 
cule has the cyclic molecule included in a skewered 
manner which allows the linear molecule to pass 
through the opening of the cyclic molecules, block- 
ing each end of the linear molecule with a blocking 
group so as to prevent the elimination of the cyclic 
molecule from the skewered state, and crosslinking 
two or more polyrotaxanes by linking the cyclic mol- 
ecules to each other via chemical bonding, and 
wherein each opening of the cyclic molecules is of 
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substantial ring. 

<37> A process for producing acompound compris- 
ing crosslinked polyrotaxane, comprising the steps 
of: mixing a cyclic molecule and a linear molecule 
to prepare polyrotaxane in which the linear mole- 5 
cule has the cyclic molecule included in a skewered 
manner which allows the linear molecule to pass 
through the opening of the cyclic molecule, blocking 
each end of the linear molecule with a blocking 
group so as to prevent the elimination of the cyclic 10 
molecules from the skewered state, and crosslink- 
ing two or more polyrotaxanes by linking the cyclic 
molecules to each other via chemical bonding. 
<38> In the process of item <36> or <37>, the block- 
ing group at each end of the linear molecule may 15 
be the same or different. 

<39> In the process of any one of items <36> to 
<38>, the blocking group may have bulkiness and/ 
or ionic property, so as to prevent the elimination of 
the cyclic molecules from the skewered state. 20 
<40> In the step of preparing polyrotaxane of the 
process of any one of items <36> to <39>, the pre- 
paring conditions may be set and/or controlled, 
such that at least two cyclic molecules are included 
in a skewered manner by means of a single linear 25 
molecule. The preparing conditions may include 
dissolving excess of the linear molecules in saturat- 
ed solution of the cyclic molecules, in addition to the 
preparation time and temperature. 
<41> In the step of preparing polyrotaxane of the 30 
process of any one of items <36> to <40>, the pre- 
paring conditions may be controlled, such that the 
linear molecule has the cyclic molecules included 
in a skewered manner at an amount of 0.001 to 0.6, 
preferably 0.01 to 0.5, and more preferably 0.05 to 35 
0.4 of a maximum inclusion amount, which is de- 
fined as an amount at which the cyclic molecule can 
be included at maximum when the linear molecule 
has the cyclic molecules included in a skewered 
manner, and the amount at maximum is normalized 40 
to be 1 . The preparing conditions may include dis- 
solving excess of the linear molecules in saturated 
solution of the cyclic molecules, in addition to the 
preparation time and temperature. 
<42> In the process of any one of items <36> to 45 
<41>, the compound may be an elastic material or 
a solvent-absorbing material. 
<43> In the process of any one of items <36> to 
<41 >, the compound may be a viscoelastic material 
or a solvent-absorbing material. 50 
<44> A process for producing a compound compris- 
ing crosslinked polyrotaxane, comprising the steps 
of: mixing alpha-cyclodextrin and polyethylene gly- 
col to prepare polyrotaxane in which the polyethyl- 
ene glycol has the alpha-cyclodextrin included in a 55 
skewered manner which allows the polyethylene 
glycol to pass through the opening of the alpha-cy- 
clodextrin, blocking each end of the polyethylene 



glycol molecule with a blocking group so as to pre- 
vent the elimination of the alpha-cyclodextrins from 
the skewered state, and crosslinking two or more 
polyrotaxane molecules by linking the alpha-cyclo- 
dextrins to each other via chemical bonding. 
<45> In the process of item <44>, the blocking 
group may have bulkiness and/or ionic property, so 
as to prevent the elimination of the cyclic molecule 
from the skewered state. 

<46> In the step of preparing polyrotaxane of the 
process of item <44> or <45>, the preparing condi- 
tions may be set and/or controlled, such that at least 
two alpha-cyclodextrin molecules are included in a 
skewered manner by means of the single polyeth- 
ylene glycol molecule. The preparing conditions 
may include dissolving excess of the polyethylene 
glycol molecules in saturated alpha-cyclodextrin 
solution, in addition to the preparation time and tem- 
perature. 

<47> In the step of preparing polyrotaxane of the 
process of any one of items <44> to <46>, the pre- 
paring conditions may be controlled, such that the 
polyethylene glycol molecule has the alpha-cyclo- 
dextrin included in a skewered manner at an 
amount of 0.001 to 0.6, preferably 0.01 to 0.5, and 
more preferably 0.05 to 0.4 of a maximum inclusion 
amount, which is defined as an amount at which al- 
pha-cyclodextrin^) can be included at maximum 
when the polyethylene glycol molecule has alpha- 
cyclodextrin(s) included in a skewered manner, and 
the amount at maximum is normalized to be 1 . The 
preparing conditions may include dissolving excess 
of polyethylene glycol in saturated alpha-cyclodex- 
trin solution, in addition to the preparation time and 
temperature. 

<48> In the process of any one of items <44> to 
<47>, the compound may be an elastic material or 
a solvent-absorbing material. 
<49> In the process of any one of items <44> to 
<47>, the compound may be a viscoelastic material 
or a solvent-absorbing material. 
<50> A process for producing a compound compris- 
ing crosslinked polyrotaxane, comprising the steps 
of: providing a bicyclic molecule with a first and sec- 
ond substantial rings, mixing the bicyclic molecule 
with a first linear molecule and a second linear mol- 
ecule to prepare crosslinked polyrotaxane in which 
the first linear molecule has the bicyclic molecule 
included in a skewered manner which allows the 
first linear molecule to pass through the opening of 
the first ring of the bicyclic molecule, and the second 
linear molecule has the bicyclic molecule included 
in a skewered manner which allows the second lin- 
ear molecule to pass through the opening of the 
second ring of the bicyclic molecule, and which is 
formed by linking the bicyclic molecules; and block- 
ing each end of the linear molecules with a blocking 
group so as to prevent the elimination of the bicyclic 
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molecules from the skewered state. 
<51 > In the process of item <50>, the first and sec- 
ond linear molecules may be the same or different. 
<52> In the process of item <50> or <51>, the first 
linear molecule and/or the second linear molecule 5 
may have a molecular weight of not less than 1 ,000, 
for example, 1 ,000 to 1 ,000,000, preferably not less 
than 5,000, for example, 5,000 to 1,000,000 or 
5,000 to 500,000, and more preferably not less than 
10,000, for example, 10,000 to 1,000,000, 10,000 10 
to 500,000, or 10,000 to 300,000. 
<53> In the process of any one of items <50> to 
<52>, the first and/or second substantial ring may 
be an open ring, and before and/or after the block- 
ing step, the process may comprise the step of clos- 15 
ing the open ring. 

<54> In the process of any one of items <50> to 
<53>, the blocking group at each end of the linear 
molecule may be the same or different. 
<55> In the process of any one of items <50> to 20 
<54>, the blocking group may have bulkiness and/ 
or ionic property, so as to prevent the elimination of 
the cyclic molecules from the skewered state. 
<56> In the step of preparing crosslinked polyrotax- 
ane of the process of any one of items <50> to <55>, 25 
one linear molecule may have at least two bicyclic 
molecules included in a skewered manner. Prepar- 
ing conditions may be controlled, such that one lin- 
ear molecule may have at least two bicyclic mole- 
cules included in a skewered manner. The prepar- 30 
ing conditions may include dissolving excess of the 
linear molecules in a saturated solution of the cyclic 
molecules, in addition to the preparation time and 
temperature. 

<57> In the step of preparing crosslinked polyrotax- 35 
ane of the process of any one of items <50> to <55>, 
the bicyclic molecule may be included in a skew- 
ered manner through the linear molecule at an 
amount of 0.001 to 0.6, preferably 0.01 to 0.5, more 
preferably 0.05 to 0.4 of a maximum inclusion 40 
amount, which is defined as an amount at which the 
bicyclic molecule(s) can be included at maximum, 
when the linear molecule has the bicyclic molecule 
(s) included in a skewered manner, and the amount 
at maximum is normalized to be 1 . 45 
<58> In the process of any one of items <50> to 
<57>, the compound may be an elastic material or 
a solvent-absorbing material. 
<59> In the process of any one of items <50> to 
<57>, the compound may be a viscoelastic material 50 
or a solvent-absorbing material. 
<60> A compound comprising crosslinked polyro- 
taxane formed by crosslinking a first polyrotaxane 
and a second polyrotaxane, wherein the first polyr- 
otaxane has a first linear molecule and a first cyclic 55 
molecule, the first linear molecule having the first 
cyclic molecule included in a skewered manner 
which allows the first linear molecule to pass 



through the opening of the first cyclic molecule, and 
having at each end a first blocking group which is 
placed so as to prevent the elimination of the first 
cyclic molecule, the second polyrotaxane has a 
second linear molecule and a second cyclic mole- 
cule, the second linear molecule having the second 
cyclic molecule included in a skewered manner 
which allows the second linear molecule to pass 
through the opening of the second cyclic molecule, 
and having at each end a second blocking group 
which is placed so as to prevent the elimination of 
the second cyclic molecule, each ring of the first and 
second cyclic molecules is of substantial ring, and 
the crosslinking is formed via chemical bonding be- 
tween at least one of the first cyclic molecules and 
at least one of the second cyclic molecules, and 
wherein the first cyclic molecule is movable be- 
tween the ends of the first linear molecule, and the 
second cyclic molecule is movable between the 
ends of the second linear molecule, so that when 
force is applied to the compound, the first and sec- 
ond cyclic molecules are moved, so as for the force 
to be equally dispersed, whereby providing the 
compound having viscoelastic property. 
<61 > In the compound comprising crosslinked poly- 
rotaxane of any one of items <1> to <19>, the first 
cyclic molecule is movable between the ends of the 
first linear molecule, the second cyclic molecule is 
movable between the ends of the second linear 
molecule, so that when force is applied to the com- 
pound, the first cyclic and second cyclic molecules 
are moved, so as for the force to be equally dis- 
persed, whereby providing the compound having 
viscoelastic property. 

<62> A compound comprising crosslinked polyro- 
taxane formed by crosslinking a first polyrotaxane 
and a second polyrotaxane, wherein the first polyr- 
otaxane has a first linear molecule and a first cyclic 
molecule, the first linear molecule having the first 
cyclic molecule included in a skewered manner 
which allows the first linear molecule to pass 
through the opening of the first cyclic molecule, and 
having at each end a first blocking group which is 
placed so as to prevent the elimination of the first 
cyclic molecule, the second polyrotaxane has a 
second linear molecule and a second cyclic mole- 
cule, the second linear molecule having the second 
cyclic molecule included in a skewered manner 
which allows the second linear molecule to pass 
through the opening of the second cyclic molecule, 
and having at each end a second blocking group 
which is placed so as to prevent the elimination of 
the second cyclic molecule, each ring of the first and 
second cyclic molecules is of substantial ring, and 
the crosslinking is formed via chemical bonding be- 
tween at least one of the first cyclic molecules and 
at least one of the second cyclic molecules, and 
wherein the viscoelastic property of the compound 
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is controlled by adjusting any one selected from the 
group consisting of: an amount of the first cyclic 
molecule(s) to be included through the first linear 
molecule; an amount of the second cyclic molecule 
(s) to be included through the second linear mole- 5 
cule; molecular weight and rigidity of the first and 
second linear molecules; and degrees of crosslink- 
ing between the first cyclic molecule and the second 
cyclic molecule. 

<63> In the compound of any one of items <1> to 10 
<19>, the viscoelastic property of the compound is 
controlled by adjusting any one selected from the 
group consisting of: an amount of the first cyclic 
molecule(s) to be included through the first linear 
molecule; an amount of the second cyclic molecule 15 
(s) to be included through the second linear mole- 
cule; molecular weight and rigidity of the first and 
second linear molecules; and degrees of crosslink- 
ing between the first cyclic molecule and the second 
cyclic molecule. 20 
<64> A contact lens comprising the compound ac- 
cording to any one of items <1> to <19> and <60> 
to <63>. 

<65> A biomaterial comprising the compound ac- 
cording to any one of items <1 > to <1 9> and <60> 25 
to <63>. 

<66> A medical material comprising the compound 
according to any one of items <1 > to <1 9> and <60> 
to <63>. 

<67> A tire comprising the compound according to 30 
any one of items <1 > to <1 9> and <60> to <63>. 
<68> A coating material comprising the compound 
according to any one of items <1 > to <1 9> and <60> 
to <63>. 

<69> An adhesive comprising the compound ac- 35 
cording to any one of items <1> to <19> and <60> 
to <63>. 

<70> In the crosslinked polyrotaxane according to 
any one of items <22> to <33>, wherein the alpha- 
cyclodextrin molecules are movable between ends 40 
of the polyethylene glycol molecule, and when force 
is applied to the crosslinked polyrotaxane, the al- 
pha-cyclodextrin molecules are moved relatively to 
the polyethylene glycol molecule, so that the force 
can be equally dispersed, whereby providing the 45 
crosslinked polyrotaxane having viscoelastic prop- 
erty. 

<71> In the crosslinked polyrotaxane according to 
any one of items <22> to <33>, the viscoelastic 
property of the crosslinked polyrotaxane is control- 50 
led by adjusting any one selected from the group 
consisting of: an amount of the alpha-cyclodextrin 
molecule(s) to be included through the polyethylene 
glycol molecule; molecular weight and rigidity of the 
polyethylene glycol; and degrees of crosslinking be- 55 
tween the alpha-cyclodextrin molecules. 
<72> A contact lens comprising the compound ac- 
cording to any one of items <22> to <33>, and <70> 



and <71>. 

<73> A biomaterial comprising the compound ac- 
cording to any one of items <22> to <33>, and <70> 
and <71>. 

<74> A medical material comprising the compound 
according to any one of items <22> to <33>, and 
<70> and <71>. 

<75> A tire comprising the compound according to 
any one of items <22> to <33>, and <70> and <71 > 
<76> A coating material comprising the compound 
according to any one of items <22> to <33>, and 
<70> and <71>. 

<77> An adhesive comprising the compound ac- 
cording to any one of items <22> to <33>, and <70> 
and <71>. 

BREIF DESCRIPTION OF THE DRAWINGS 

[0013] Figure 1 shows a schematic view of a polyro- 
taxane molecule. 

[0014] Figure 2 shows a schematic view of a conven- 
tional polyrotaxane molecule in which cyclic molecules 
are filled at the maximum. 

[0015] Figure 3 shows a schematic view of the 
crosslinked polyrotaxane according to the present in- 
vention. 

[0016] Figure 4 is an illustrating figure showing that 
the crosslinked polyrotaxane according to the present 
invention has high fracture strength. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0017] The present invention is now described in de- 
tail below. 

[0018] A new compound according to the present in- 
vention is a compound that comprises or partially com- 
prises crosslinked polyrotaxane having two or more 
polyrotaxane molecules and in which the cyclic mole- 
cules of the two or more polyrotaxane molecules are 
crosslinked via chemical bonding. 
[0019] Referring to Figure 1, a new compound ac- 
cording to the present invention is explained specifically. 
Figure 1 is a view illustrating schematically a polyrotax- 
ane molecule contained in a compound according to the 
present invention. In Figure 1, the polyrotaxane mole- 
cule 1 has two or more cyclic molecules 3 as a "rotator", 
a linear molecule 5 as the "axis" which has the cyclic 
molecules included in a skewered manner which allows 
the linear molecule 5 to pass through the opening of 
each of the cyclic molecules 3, and blocking groups 7 
which are placed at the ends of the linear molecule 5 so 
as to prevent the elimination of the cyclic molecules 3 
which are in a skewered state. A compound according 
to present invention comprises two or more polyrotax- 
ane molecules of this type. 

[0020] "Polyrotaxane" or "polyrotaxane molecule" 
herein refers to a molecule which has a cyclic molecule 
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(s) as a "rotator" and a linear molecule as the "axis" and 
in which the cyclic and linear molecules are assembled 
such that the linear molecule has the cyclic molecule(s) 
included via non-covalent bonding in a skewered man- 
ner which allows the linear molecule to pass through the 
opening of each of the cyclic molecule(s). "Blocked poly- 
rotaxane (molecule)" refers to a molecule in which each 
end of the linear molecule of a "polyrotaxane (mole- 
cule)" is blocked with a blocking group. 
[0021] A linear molecule 5 may have at least two cy- 
clic molecules 3. A linear molecule 5 may have cyclic 
molecules 3 at an amount of 0.001 to 0.6, preferably 0.1 
to 0.5, and more preferably 0.05 to 0.4 of a maximum 
inclusion amount. The maximum inclusion amount is de- 
termined as an amount at which the linear molecule 5 
has cyclic molecules 3 at the maximum in theory, and 
the amount is normalized to be 1. 
[0022] Figure 2 is a schematic view illustrating a poly- 
rotaxane molecule 9 in which a linear molecule 5 has 
cyclic molecules 3 at the maximum. Therefore, it is pref- 
erable that a compound according to the present inven- 
tion utilizes aclathrate inclusion compound having cy- 
clic molecules 3 filled in a sparse manner as in the case 
of polyrotaxane molecule 1 in Figure 1, rather than in a 
dense manner as in the case of polyrotaxane molecule 
9 in Figure 2. 

[0023] Furthermore, a new compound according to 
the present invention comprises two or more polyrotax- 
ane molecules 1 as shown in Figure 1 , the cyclic mole- 
cules 3 of which are linked or crosslinked to each other 
via chemical bonding. 

[0024] Figure 3 is a view illustrating schematically 
crosslinked polyrotaxane 10, a new compound accord- 
ing to the present invention. In Figure 3, a crosslinked 
cyclic molecule 11, which is formed by linking or 
crosslinking two cyclic molecules 3 via chemical bond- 
ing, results in crosslinking two or more polyrotaxane 
molecules 1 to form crosslinked polyrotaxane 10. 
[0025] The compounds according to the present in- 
vention also include, within the scope of the present in- 
vention, compounds which partially comprise said 
crosslinked polyrotaxane 10. 

[0026] Crosslinked polyrotaxane 10 according to the 
present invention, as shown in Figure 3, has no directly 
crosslinking point between the linear molecules, and its 
geometric constraints result in gelling. Therefore, 
crosslinked polyrotaxane 10 has a different structure 
from one having directly crosslinking points as in con- 
ventional physical or chemical gels. Accordingly, the 
compounds according to the present invention can pro- 
vide new gels or compounds having various properties 
which are different from those of conventional gels. 
[0027] Specifically, when stress is applied to the com- 
pound of the present invention, the internal stress within 
the compound will be dispersed, because the com- 
pound has no directly crosslinking point between the 
polymers, whereby high fracture strength can be provid- 
ed. Additionally, also in swelling, the linear molecules 



can form a network structure efficiently, whereby uni- 
form and high swelling properties can be provided. The 
following will explain in more detail characteristics of the 
compounds according to the present invention. 

5 [0028] In Figure 1, cyclic molecules 3 and a linear mol- 
ecule 5 are in an inclusion state where they are assem- 
bled without covalent bonding and the cyclic molecules 
3 can be easily moved in the directions A between the 
ends of the linear molecule 5. In particular, if a linear 

10 molecule 5 with a high molecular weight has cyclic mol- 
ecules 3 included in a sparse manner, the movement of 
the cyclic molecules 3 in the directions A can be made 
more easily. From a relative viewpoint, on the other 
hand, the polyrotaxane molecule 1 in Figure 1 is in a 

15 state where the linear molecule 1 can be easily moved, 
if the cyclic molecules are fixed. Accordingly, as shown 
in Figure 3, even though the cyclic molecules 3 form 
crosslinked cyclic molecules 11, the linear molecule 5 
moves easily. 

20 [0029] The compounds according to the present in- 
vention having such action allow the crosslinked cyclic 
molecules 11 or the linear molecules 5 to be easily 
moved, so that the internal stress can be uniformly dis- 
persed, even when stress is applied in the directions B 
25 as shown in Figure 4. In consequence, the gels or com- 
pounds of the present invention can be provided with 
high fracture strengths. In addition, the compounds of 
the present invention, in which higher entropic elasticity 
is derived from the structure of the crosslinked polyro- 
30 taxane 1 0 as shown in Figure 3, can provide compounds 
having much higher entropic elasticity than those of con- 
ventional physical gels. In summary, the gels or com- 
pounds according to the present invention can provide 
materials exhibiting high fracture strength, superior ex- 
35 pandability, superior restoring property, and/or very high 
entropy elasticity. 

[0030] Moreover, by deblocking their blocking group, 
the compounds according to the present invention can 
be decomposed into cyclic molecules, non-crosslinked 
40 cyclic molecules, linear molecules, and blocking groups. 
As mentioned above, this means that the cyclic mole- 
cules or linear molecules can be easily moved in a rel- 
ative manner. Removal of the blocking groups allows the 
cyclic molecules to eliminate from the linear molecules 
45 and to be free of the skewered state and the compounds 
according to the present invention are decomposed into 
their component substances. 

[0031] For example, 1) it is possible that each of the 
decomposed components is recovered and recycled 
50 with ease. Also, 2) respective components are com- 
posed of biodegradable molecules, whereby the com- 
pounds of the present invention can be disposed of eas- 
ier. That is, the compounds or gels according to the 
present invention can provide so-called "environment- 
's friendly" ones which are effective, for example, for pres- 
ervation of the environment. 

[0032] The compounds according to the present in- 
vention also exhibit high hygroscopic and water-absorp- 
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tion properties, depending on cyclic molecules and lin- 
ear molecules employed. That is, the compounds ac- 
cording to the present invention will exhibit high hygro- 
scopic and water-absorption properties, by means of 
employing hydrophilic molecules as the cyclic mole- 
cules and linear molecules, or employing hydrophilic 
compounds as compounds which partially comprise the 
crosslinked polyrotaxane according to the present in- 
vention. In the case where the compounds according to 
the present invention are derived from the structure of 
the crosslinked polyrotaxane 10 shown in Figure 3 and 
display water-absorption and hygroscopic properties, 
uniform expansion will take place. Such uniform expan- 
sion can not be realized in conventional polymers or gels 
having high water-absorption properties, or the like. 
[0033] The following will give a detailed explanation 
of linear molecules, cyclic molecules and blocking 
groups contained in the compounds according to the 
present invention, as well as linking or crosslinking be- 
tween the cyclic molecules. 

(Linear molecules) 

[0034] A linear molecule contained in a compound ac- 
cording to the present invention is a molecule or sub- 
stance which can be included by means of the ring por- 
tion of cyclic molecules and united with the cyclic mole- 
cules via non-covalent bonding, and not limited to par- 
ticular molecules, as long as it is linear. In the present 
invention, a "linear molecule" refers to a molecule, in- 
cluding macromolecules, and any other substance 
which satisfies the above-described requirement. 
[0035] In the present invention, "linear" in the term 
"linear molecule" means to be of substantial "linear" 
chain. This means that a linear molecule may have a 
branched chain or chains, as long as cyclic molecules 
that are rotators are rotatable, or a linear molecule al- 
lows cyclic molecules to be slidable or movable thereon. 
The length of "linear" chain of a linear molecule is not 
limited to a particular length, as long as a linear molecule 
allows cyclic molecules to be slidable or movable ther- 
eon. 

[0036] In addition, "linear" in the term "linear mole- 
cule" herein is specified relatively, in relation to com- 
pounds partially comprising crosslinked polyrotaxane 
according to the present invention. That is, in the case 
of a compound partially comprising crosslinked polyro- 
taxane, the compound contains a portion of the 
crosslinked polyrotaxane; a linear molecule is contained 
in said crosslinked polyrotaxane. Accordingly, a linear 
molecule can constitute a very small portion in a com- 
pound. Even though a linear molecule constitutes a very 
small portion, the length of "linear" chain has no limita- 
tion in particular as described above, as long as a linear 
molecule allows cyclic molecules to be slidable or mov- 
able thereon. 

[0037] Linear molecules in the present invention can 
include hydrophilic polymers such as polyvinyl alcohol 



and polyvinylpyrrolidone, poly (meth) acrylic acid, cellu- 
lose-derived resins (carboxymethylcellulose, hydrox- 
yethylcellulose, hydroxypropylcellulose and the like), 
polyacrylamide, polyethylene oxide, polyethylene gly- 

5 cols, polyvinyl acetal-derived resins, polyvinyl methyl 
ether, polyamines, polyethyleneimine, casein, gelatin, 
starch and the like, and/or copolymers thereof; hydro- 
phobic polymers such as polyolefinic resins such as pol- 
yethylene, polypropylene and copolymer resins with 

10 other olefinic monomers, polyester resins, polyvinyl 
chloride resins, polystyrene-derived resins such as pol- 
ystyrene and acrylonitrile-styrene copolymers, polyme- 
thyl methacrylate and (meth)acrylate ester copolymers, 
acrylic resins such as acrylonitrile-methyl acrylate co- 

15 polymer resins, polycarbonate resins, polyurethane res- 
ins, vinyl chloride-vinyl acetate copolymer resins, poly- 
vinyl butyral resins; and derivatives or modifications 
thereof. 

[0038] Among these compounds, preferred are poly- 
20 ethylene glycols, polyisoprene, polyisobutylene, polyb- 
utadiene, polypropylene glycols, polytetrahydrofuran, 
polydimethylsiloxane, polyethylene, and polypropylene, 
and particularly preferred are polyethylene glycols. 
[0039] It is preferable that the linear molecules in the 
25 present invention themselves have high fracture 
strength. The fracture strength of compounds or gels de- 
pends on the binding strength between the blocking 
group and linear molecule, the binding strength between 
the cyclic molecules, and other factors, and thus if a lin- 
30 ear molecules in the present invention itself has a high 
fracture strength, the compounds or gels can provide a 
higher fracture strength. 

[0040] The linear molecules in the present invention 
preferably have molecular weights of not less than 

35 1,0 00, for example, 1,000 to 1,000,000, preferably not 
less than 5,000, for example 5,000 to 1 ,000,000 or 5,000 
to 500,000, and more preferably not less than 10,000, 
for example, 10,000 to 1,000,000, 10,000 to 500,000, 
or 10,000 to 300,000. 

40 [0041] In addition, it is preferable in terms of being 
"environment-friendly" that the linear molecules in the 
present invention are biodegradable molecules as de- 
scribed above. 

[0042] The linear molecules in the present invention 
45 preferably have reactive groups at each end. Having re- 
active groups allows facilitating the reaction with block- 
ing groups. Reactive groups depend on blocking groups 
to be employed. Examples thereof can include hydroxyl, 
amino, carboxyl, thiol groups and the like. 

50 

(Cyclic molecules) 

[0043] A cyclic molecule in the present invention can 
utilize any cyclic molecule, as long as it is cyclic mole- 
55 cule capable of forming an inclusion with the above-de- 
scribed linear molecules. 

[0044] In the present invention, a "cyclic molecule" 
means one of a variety of cyclic substances including 
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cyclic molecules. In the present invention, a "cyclic mol- 
ecule" also means a molecule or substance which is of 
substantial ring. That is, the term "substantial ring" 
means to include molecules in which the ring is not 
closed completely, as in the letter "C", and molecules 
having a helical structure in which as in the letter "C", 
one end and the other end are not connected and placed 
in a piled manner. Furthermore, the ring of a "bicyclic 
molecule" discussed below can also be defined similarly 
to the case where a "cyclic molecule" is of "substantial 
ring". In other words, one ring or both rings of a "bicyclic 
molecule" may be closed incompletely as in the letter 
"C" or form a helical structure in which as in the letter 
"C", one end and the other end are not connected and 
placed in a piled manner. 

[0045] Examples of cyclic molecules in the present in- 
vention may include various cyclodextrins (for example, 
alpha-cyclodextrin, beta-cyclodextrin, gamma-cyclo- 
dextrin, dimethylcyclodextrin and glucosylcyclodextrin, 
derivatives and modifications thereof), crown ethers, 
benzo-crowns, dibenzo-crowns, and dicyclohexano- 
crowns, and derivatives and modifications thereof. 
[0046] The above-described cyclodextrins, crown 
ethers and the like have different opening dimensions 
of the cyclic molecules, depending on their type. Thus, 
a cyclic molecule to be employed can be selected, de- 
pending on the type of an employed linear molecule, the 
hydrophilicity or hydrophobicity of a linear molecule, and 
the like, specifically, the diameter of the cross-section of 
a cylinder in the case where an employed linear mole- 
cule is considered to be cylindrical. When a cyclic mol- 
ecule with a relatively large opening and a cylindrical 
linear molecule with a relatively small diameter are 
used, two or more linear molecules can be included 
through the opening of the cyclic molecule. 
[0047] Among these molecules, cyclodextrins are bi- 
odegradable and thus preferred in that they are "envi- 
ronment-friendly" as described above. 
[0048] It is preferable to use alpha-cyclodextrin as a 
cyclic molecule and polyethylene glycol as a linear mol- 
ecule. 

[0049] Cyclic molecules in the present invention pref- 
erably have reactive groups on the outside of their ring. 
This allows the reaction to be carried out with ease using 
the reactive groups, when cyclic molecules are linked 
or crosslinked. Reactive groups, depending on blocking 
groups to be employed and others, can include, for ex- 
ample, hydroxyl, amino, carboxyl, thiol groups, and the 
like. In addition, it is preferable to employ groups which 
do not react with the blocking groups during the above- 
described blocking reaction. 

(Blocking groups) 

[0050] Blocking groups in the present invention can 
utilize any group, as long as they allow the cyclic mole- 
cules to be retained in a skewered form by means of the 
linear molecule. These moieties can include the groups 



having "bulkiness" and/or "ionic property," for example. 
The term "group" herein means one of various groups 
including molecule groups and macromolecule groups. 
That is, a group having "bulkiness" may be a group as 
5 shown schematically by a ball in Figure 1 , or a solid sup- 
port as shown as a side wall in Figure 4. Also, the linear 
molecule allows cyclic molecules to be retained in a 
skewered form by interacting the "ionic property" of a 
group having "ionic property" with the "ionic property" of 
the cyclic molecules having "ionic property," for exam- 
ple, by repelling them to each other. 
[0051] In addition, blocking groups in the present in- 
vention may be the main chain or a side chain of a mac- 
romolecule, as long as they allow the skewered form to 
be retained, as described above. When a blocking group 
is a macromolecule A, a configuration can be possible 
in which there is the macromolecule A as a matrix, por- 
tion of which contains a compound according to the 
present invention, or conversely there is a compound 
according to the present invention as a matrix, portion 
of which contains the macromolecule A. Thus, compos- 
ite materials having combined properties of a compound 
according to the present invention and a macromolecule 
A can be formed by combination with a macromolecule 
A having different properties. 

[0052] Specifically, molecular blocking groups can in- 
clude dinitrophenyl groups such as 2,4- and 3,5-dinitro- 
phenyl groups; cyclodextrins; adamantane groups; trityl 
groups; fluoresceins and pyrenes; and derivatives and 
modifications thereof. More specifically, even in the 
case of employing alpha-cyclodextrin as a cyclic mole- 
cule and polyethylene glycol as a linear molecule, can 
be included cyclodextrins, dinitrophenyl groups, such as 
2,4- and 3,5-dinitrophenyl groups, adamantane groups, 
trityl groups, fluoresceins and pyrenes, and derivatives 
and modifications thereof. 

(Crosslinked cyclic molecules) 

[0053] The compounds according to the present in- 
vention comprise two or more polyrotaxane molecules 
as shown in Figure 1 and can be obtained by linking or 
crosslinking cyclic molecules 3 of respective polyrotax- 
anes. 

[0054] Two or more polyrotaxane molecules to be 
used for crosslinking may be the same or different. 
Thus, a first polyrotaxane molecule can be linked or 
crosslinked to a second polyrotaxane molecule which is 
different from the first polyrotaxane molecule. A first 
polyrotaxane molecule has first cyclic molecules, and a 
second polyrotaxane molecule has second cyclic mole- 
cules, and thus the first cyclic molecules and the second 
cyclic molecules can be linked or crosslinked. In this 
case, the first cyclic molecules and the second cyclic 
molecules may be the same or different. 
[0055] Preferably, the first cyclic molecules and the 
second cyclic molecules are crosslinked via chemical 
bonding. In this case, chemical bonding may be formed 
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by a simple bond or by a bond mediated by various at- 
oms or molecules. 

[0056] A cyclic molecule preferably has one or more 
reactive groups on the outside of the ring, as described 
above. In particular, it is preferable that after a blocked 5 
polyrotaxane molecule is formed, the cyclic molecules 
are crosslinked to each other using acrosslinking agent. 
In this case, conditions for the crosslinking reaction 
should be conditions under which the blocking groups 
of the blocked polyrotaxane are not removed. 10 
[0057] In addition, a first cyclic molecule can be linked 
or crosslinked to a second cyclic molecule which is dif- 
ferent from the first cyclic molecule. A first and second 
cyclic molecules can posses one or more reactive 
groups with which respective cyclic molecules can be 15 
reacted to result in bonding. 

[0058] The compounds according to the present in- 
vention can be degraded not only by removing the 
above-described blocking groups, but also by cleavage 
of crosslinking in the crosslinked cyclic molecules. In 20 
this case, cleavage of the crosslinking can yield two or 
more blocked polyrotaxanes. When a compound ac- 
cording to the present invention comprises components 
other than polyrotaxane, it is possible to recover the 
polyrotaxane released from crosslinking and other com- 25 
ponents. 

[0059] As crosslinking agents which can be used in 
the present invention, one can employ crosslinking 
agents well known up to now. Examples may include 
cyanuric chloride, trimesoyl chloride, terephthaloyl chlo- 30 
ride, epichlorohydrin, dibromobenzene, glutaraldehyde, 
phenylene diisocyanates, tolylene diisocyanates (for 
example, tolylene 2,4-diisocyanate), 1 ,1 '-carbonyldiim- 
idazole, divinylsulfone and the like. Various types of cou- 
pling agents can also be included, such as silane cou- 35 
pling agents (for example, various alkoxysilanes) and 
titanium coupling agents (for example, various alkoxyti- 
taniums). Additional examples can include various 
photocrosslinkers which are employed for materials de- 
signed for soft contact lenses, for example, photo- 40 
crosslinkers based on stilbazolium salts such as formyl- 
styrylpyridium salts (see, Ichimura, K. et al., Journal of 
Polymer science. Polymer chemistry edition 20, 
1411-1432 (1982), incorporated herein by reference), 
and other photocrosslinkers, for example, photo- 45 
crosslinkers by photo-dimerization, specifically, cinnam- 
ic acid, anthracene, thymines, and the like. 
[0060] The cross-linking agents preferably have mo- 
lecular weights of less than 2,000, preferably less than 
1 ,000, more preferably less than 600, and most prefer- 50 
ably less than 400. 

[0061] In the case of using alpha-cyclodextrin as acy- 
clic molecule and using acrosslinking agent to crosslink 
it, examples of the crosslinking agent can include cya- 
nuric chloride, tolylene 2,4-diisocyanate, 1 , 1 '-carbonyl- 55 
diimidazole, trimesoyl chloride, terephthaloyl chloride, 
and alkoxysilanes such as tetramethoxysilane and 
tetraethoxysilane and the like. In particular, it is prefer- 



able to use alpha-cyclodextrin as a cyclic molecule and 
cyanuric chloride as a crosslinking agent. 
[0062] The previous paragraphs have mainly de- 
scribed, as a crosslinked cyclic molecule according to 
the present invention, a substance formed by forming 
polyrotaxane, followed by crosslinking its cyclic mole- 
cules to each other. In addition to these embodiments, 
it is possible to utilize a substance having a crosslinked 
cyclic molecular structure, that is, a "bicyclic molecule" 
having a first ring and a second ring. In this case, 
crosslinked polyrotaxane according to the present in- 
vention can be obtained, for example, by mixing a "bi- 
cyclic molecule" and a linear molecule and allowing the 
linear molecule to be included in a skewered manner 
through the first and second rings of the "bicyclic mole- 
cule". Then, each end of the linear molecule can be 
blocked with a blocking group after inclusion. 
[0063] The compounds according to the present in- 
vention can be prepared in the following way. 
[0064] Firstly, a cyclic molecule and a linear molecule 
are mixed to prepare polyrotaxane in which the linear 
molecule is included in a skewered manner through the 
opening of the cyclic molecule. Upon mixing in this prep- 
aration step, various solvents can be utilized. Such sol- 
vents can include, for example, solvents in which cyclic 
molecule and/or linear molecule are dissolved or dis- 
persed. Specifically, solvents can be selected as appro- 
priate, depending on cyclic molecule and/or linear mol- 
ecule employed in the present invention, and the like. 
[0065] In the preparation of polyrotaxane, it is prefer- 
able to control the amount of cyclic molecule to be in- 
cluded in askewered manner through a linear molecule. 
Preferably, a linear molecule has at least two cyclic mol- 
ecules included in askewered manner. Also, the amount 
of a cyclic molecule is preferably such that the cyclic 
molecule is present at a value of 0.001 to 0.6, preferably 
0.01 to 0.5, and more preferably 0.05 to 0.4, of the max- 
imum inclusion amount. The maximum inclusion 
amount is determined as an amount at which a linear 
molecule allows cyclic molecules to be included at the 
maximum and the value of the maximum inclusion 
amount is normalized to be 1. 

[0066] The above-described amount of a cyclic mol- 
ecule can be controlled by the mixing time, temperature, 
and pressure, increasing the molecular weight of a used 
linear molecule, and the like. More specifically, control- 
ling involves, for example, dissolving an excess amount 
of a linear molecule in a saturated solution of a cyclic 
molecule. 

[0067] For polyrotaxane according to the present in- 
vention, it is preferable that a linear molecule has cyclic 
molecules not filled in a dense state, as described 
above. By filling cyclic molecules in a non-dense state, 
it is possible to maintain movable lengths of the 
crosslinked molecules or the linear molecule, when 
crosslinked. These movable lengths can lead to high 
fracture strength, high entropic elasticity, superior ex- 
pandability, and/or superior restoring property, and if de- 
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sired, high absorbability or hygroscopicity. 
[0068] Secondly, blocked polyrotaxane is prepared by 
blocking each end of the linear molecule with a blocking 
group so as to prevent the elimination of the cyclic mol- 
ecules from the resulting polyrotaxane in the skewered 
state. 

[0069] Two or more blocked polyrotaxanes are 
crosslinked by linking the cyclic molecules of the result- 
ing blocked polyrotaxane via chemical bonding, to ob- 
tain crosslinked polyrotaxane. 

[0070] A process for preparing a compound according 
to the present invention will be explained in more detail. 
Thus, there is given an explanation of a process for pre- 
paring a compound according to the present invention, 
in the case of using alpha-cyclodextrin as a cyclic mol- 
ecule, polyethylene glycol as a linear molecule, 2,4-din- 
itrophenyl group as a blocking group, and cyanuric chlo- 
ride as a crosslinking agent. 

[0071] Firstly, for the purpose of a subsequent block- 
ing treatment, each end of polyethylene glycol is con- 
verted into an amino group to obtain a polyethylene gly- 
col derivative. Alpha-cyclodextrin and the polyethylene 
glycol derivative are mixed to prepare polyrotaxane. Up- 
on preparation, for example, the mixing time can be set 
to be from 1 to 48 hours and the mixing temperature 
from 0 to 100 °C, such that the inclusion amount of al- 
pha-cyclodextrin to the polyethylene glycol derivative, 
whose maximum inclusion amount is normalized to be 
1, reaches 0.001 to 0.6. 

[0072] In general, a polyethylene glycol with an aver- 
age molecular weight of 20,000 allows 230 alpha-cyclo- 
dextrin molecules to be included at the maximum. Ac- 
cordingly, this value corresponds to the maximum inclu- 
sion amount. The above-described conditions are for in- 
clusion of alpha-cyclodextrin at an amount of 60 to 65 
(63) molecules on average, that is, at an amount of 0.26 
to 0.29 (0.28) of the maximum inclusion amount. The 
inclusion amount of alpha-cyclodextrin can be deter- 
mined by NMR, light absorption, elemental analysis, 
and the like. 

[0073] The resulting polyrotaxane is subjected to the 
reaction with 2,4-dinitro-fluorophenylbenzene dissolved 
in DMF, thereby yielding blocked polyrotaxane. 
[0074] Next, the resulting blocked polyrotaxane is dis- 
solved in an aqueous solution of sodium hydroxide. To 
this solution is added cyanuric chloride, and the reaction 
was carried out to form crosslinked polyrotaxane in 
which alpha-cyclodextrins are crosslinked. 
[0075] Alternatively, other than the above-described 
process, crosslinked polyrotaxane according to the 
present invention can be produced by the following 
process employing another cyclic molecule, a "bicyclic 
molecule". Firstly, bicyclic molecule is provided. As de- 
scribed above, the bicyclic molecule has a first and sec- 
ond substantial rings. Secondly, the bicyclic molecule 
and a first and second linear molecules are mixed to pre- 
pare crosslinked polyrotaxane in which the first linear 
molecule is included in a skewered manner through the 



opening of the first ring of the bicyclic molecule, the sec- 
ond linear molecule is included in a skewered manner 
through the opening of the second ring of the bicyclic 
molecule, and the crosslinking is formed via the bicyclic 

5 molecules. Thirdly, the resulting crosslinked polyrotax- 
ane is subjected to a step in which each end of the linear 
molecules is blocked with a blocking group so as to pre- 
vent the elimination of the bicyclic molecule from a 
skewered state. 

10 [0076] Although a bicyclic molecule is "bicyclic," it 
may have one or more rings, besides a first and second 
substantial rings. A bicyclic molecule may also be a mol- 
ecule having a structure in which two segments like the 
letter "C" are linked. In this case, the "C"-like segments 

15 can be closed, after the linear molecule is included in a 
skewered manner, or after the linear molecule is blocked 
with a blocking group. For molecules having a structure 
in which two segments like the letter "C" are linked and 
closing the rings of the molecules, see Asakawa, M. et 

20 a/., Angewante Chemie-lnternational Edition 37(3), 
333-337 (1 998), and Asakawa, M. etal., European Jour- 
nal of Organic Chemistry 5, 985-994 (1999), both are 
incorporated herein by reference. 

25 EXAMPLES 

[0077] The present invention is now illustrated more 
specifically by Examples. The following Examples are 
merely illustrative of specific embodiments of the 
30 present invention, but are not construed to limit the 
present invention thereto. 

Example 1 : 

35 <Activation of the polyethylene glycol ends> 

[0078] Into a 1 00 ml Erlenmeyer flask were placed 4 
g of polyethylene glycol (abbreviated to PEG, an aver- 
age molecular weight of 20,000) and 20 ml of dry meth- 

40 yiene chloride, to dissolve PEG. The solution was 
placed under an argon atmosphere, 0.8 g of 1,1'-carb- 
onyldiimidazole was added, and subsequently under an 
argon atmosphere, the reaction was subjected to stirring 
at room temperature (20 °C) for 6 hours. 

45 [0079] The product obtained in the previous step was 
poured into 300 ml of diethyl ether stirred at a high 
speed. After allowing the mixture to stand for 10 min- 
utes, a solution containing precipitates was centrifuged 
at 1 0,000 rpm for 5 minutes. Precipitates were removed 

50 and dried under vacuum at 40 °C for 3 hours to give 3.74 
g of the product. 

[0080] The resulting product was dissolved in 20 ml 
of methylene chloride. This solution was added drop- 
wise to 1 0 ml of ethylenediamine over 3 hours, and then 
55 stirred for 40 minutes. The resultant reaction mixture 
was subjected to a rotary evaporator to remove the 
methylene chloride. The residue was then dissolved in 
50 ml of water, put into a dialysis tube (cut-off molecular 
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weight of 8,000), and was subjected to dialysis against 
water for 3 days. The resulting dialyzate was dried with 
a rotary evaporator. The dried material was dissolved 
again in 20 ml of methylene chloride and re-precipitated 
using 1 80 ml of diethyl ether. A solution containing pre- 
cipitates was centrifuged at 1 00,000 rpm for 5 minutes, 
and precipitates were dried under vacuum at 40 °C for 
2 hours to give 2.83 g of the product having an amino 
group introduced at each end of PEG (abbreviated to 
DAT-PEG). Alternatively, commercially available poly- 
ethylene glycol-bisamine (abbreviated to PEG-BA) (pro- 
duced by Fluka) can be utilized, instead of the resulting 
product. 

Preparation of polyrotaxane> 

[0081] After 3.6 g of alpha-cyclodextrin (abbreviated 
to alpha-CD) and 0.9 g of DAT-PEG (a molecular weight 
of about 20,000) were dissolved separately in 15 ml of 
water at 80 °C, the solutions were mixed. Then, the mix- 
ture was stored at 5 °C for 6 hours to prepare polyrotax- 
ane. Then, the product was dried under vacuum at 40 
°C for 12 hours. 

Preparation of blocked polyrotaxane> 

[0082] The polyrotaxane obtained above was placed 
into a 100 ml Erlenmeyer flask. A mixed solution of 10 
ml of N,N-dimethylformamide and 2.4 ml of 2,4-dinitro- 
fluorobenzene was prepared separately, and added 
dropwise into the flask in which the polyrotaxane was 
contained. The reaction was carried out at room tem- 
perature under an argon atmosphere. After 5 hours, 40 
ml of dimethylsulfoxide was added to the mixture to form 
a clear solution. This solution was added dropwise to 
750 ml of water with vigorous stirring to yield pale yellow 
precipitates. The precipitates were dissolved again in 50 
ml of dimethylsulfoxide, and the solution was added 
dropwise to 700 ml of 0.1 % aqueous sodium chloride 
solution with vigorous stirring to cause re-precipitation. 
Precipitates were subjected to washing with water and 
methanol and centrifugation at 10,000 rpm for 1 minute 
after washing; washing and centrifugation were repeat- 
ed three times, respectively. The resulting material was 
dried under vacuum at 50 °C for 12 hours to give 3.03 
g of blocked polyrotaxane. 

<The amount of alpha-CD within the blocked 
polyrotaxane> 

[0083] The amount of alpha-CD within the resulting 
blocked polyrotaxane was determined by spectrometry 
and NMR. Measurements revealed that one blocked 
polyrotaxane had 63 molecules of alpha-CD included. 
When the used PEG has alpha-CD filled closely, a max- 
imum inclusion amount of 230 alpha-CDs can be calcu- 
lated. This value and the measurements of spectrome- 
try and NMR revealed that the amount of alpha-CD in 



the blocked polyrotaxane used in this example is 0.28 
of the maximum inclusion amount. 

Preparation of crosslinked polyrotaxane> 

5 

[0084] One hundred milligrams of the blocked polyr- 
otaxane was dissolved in 0.5 ml of 1 N aqueous sodium 
hydroxide solution. To this solution was added a solution 
in which 35 mg of cyanuric chloride was dissolved in 0.5 

10 ml of 1 N aqueous sodium hydroxide solution, to start the 
crosslinking reaction. After 3 hours at room tempera- 
ture, gelling was observed. The resultant gel was iden- 
tified as a crosslinked polyrotaxane gel. 
[0085] The gel obtained was a transparent yellow 

15 crosslinked polyrotaxane gel having an expansion co- 
efficient of about 40 times in water. 
[0086] Although the amount of PEG contained in the 
resultant gel was about 2.5 % by weight, it was observed 
that the resultant gel bounded well, when the gel was 

20 caught by hand, and made to bound like a ball. In addi- 
tion, applying tensile force to the gel resulted in twice or 
more expansion, and removal of the force restored the 
shape to its original shape. 

[0087] When the gel was dried, followed by swelling 
25 the dried material with water, the dried gel swelled about 
400 times the dry weight. This shows that the dried gel 
absorbed water about 1 ,600 times the amount of PEG 
contained in the gel. 



[0088] The gel obtained above was added to a strong- 
ly alkaline solution, I.e. a 1 N solution of sodium hydrox- 
ide in water, at a high temperature, i.e. 50 °C. The gel 
was dissolved in 7 hours. The resultant solution was an- 
alyzed on a High Performance Liquid Chromatography- 
Mass Spectrometer and the like, and found to contain 
DAT-PEG, 2,4-dinitrophenol, crosslinked alpha-CD, 
and alpha-CD (without crosslinkage). This shows that 
the crosslinked polyrotaxane was easily degraded into 
its respective components, when placed under condi- 
tions allowing removal of its blocking groups. 



[0089] Crosslinked polyrotaxane was obtained in a 
manner similar to that in Example 1, except that in 
Preparation of crosslinked polyrotaxane> in Example 
1 , dimethylsulfoxide (DMSO) was used as a solvent, in- 

50 stead of 1 N aqueous sodium hydroxide solution. In pre- 
paring asolution of cyanuric chloride in DMSO in Prep- 
aration of crosslinked polyrotaxane>, cyanuric chloride 
was dissolved in DMSO with keeping the temperature 
at 25 °C. The gelling reaction required 2 hours at 50 °C. 

55 [0090] The gel obtained exhibits high elasticity, supe- 
rior expandability, superior restoring property, and high 
solvent-absorption, similarly to the gel obtained in Ex- 
ample 1 . 



Example 2: 

45 



25 



30 <Degradation of the crosslinked polyrotaxane> 
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Examples 3 to 5: 

[0091] Cross-linked polyrotaxane was prepared in a 
manner similar to that in Example 2, except that in stead 
of cyanuric chloride as a crosslinking agent, tetraethox- 
ysilane was utilized in Example 3, 1 , 1 '-carbonyldiimida- 
zole in Example 4, and tolylene 2,4-diisocyanate in Ex- 
ample 5. 

[0092] The gels obtained exhibits high elasticity, su- 
perior expandability, superior restoring property, and 
high solvent-absorption, similarly to the gel obtained in 
Example 1 . 

Example 6: 

Preparation of polymer having an active group at each 
end> 

[0093] Into a 1 00 ml Erlenmeyer flask were placed 4.0 
g of PEG (an average molecular weight of 70,000) and 
30 ml of dry methylene chloride, and the solution was 
placed under an argon atmosphere to dissolve PEG. 0.8 
g of N,N'-carbonyldiimidazole (CDI) was further added 
to this solution, and subsequently under an argon at- 
mosphere, the reaction was subjected to stirring at room 
temperature (20 °C) for 15 hours. Then, CDI-PEG was 
obtained in which both ends of the PEG were activated 
with carbonyldiimidazole. 

[0094] Into a 300 ml Erlenmeyer flask was put 1 00 ml 
of diethyl ether and stirred at a high speed. The resulting 
solution was poured into the ether to precipitate 
CDI-PEG, which in turn was centrifuged. Precipitated 
CDI-PEG was washed twice with diethyl ether and dried 
under vacuum to give 3.81 g (dry weight) of CDI-PEG. 
[0095] The resulting CDI-PEG was dissolved in 30 ml 
of methylene chloride to prepare a solution. To this so- 
lution, with stirring, was added dropwise 5 ml of ethyl- 
enediamine. Then, mixed solution was stirred for 5 
hours. 

[0096] The resultant solution was added dropwise to 
200 ml diethyl ether stirred at a high speed, to precipitate 
DAT-PEG having an amino group at each end. After 
centrifugation, the product was dried under vacuum. 
The resultant dried product was further subjected to 
three times of precipitation and purification using meth- 
ylene chloride and diethyl ether to give 2.82 g (dry 
weight) of DAT-PEG. 

Preparation of polyrotaxane> 

[0097] 30 ml of water, 3.6 g of alpha-CD, and 1 .2 g of 
DAT-PEG were heated at 80 °C for 1 hour to form a clear 
solution. Then, the solution was stored at 5 °C for 12 
hours to yield an inclusion complex paste. 
[0098] A solution was prepared by dissolving 1 20 mg 
of sodium 2,4,6-trinitrobenzenesulfonate dihydrate in 
6.0 ml of a borate pH standard solution (pH 9.2). This 
solution was mixed into the above-described inclusion 



paste and stirred. After 1 hour, additional 20 ml water 
was added, and the reaction was continued for addition- 
al 1 hour. The product was centrifuged and washed 5 
times with 40 ml of water (80 °C), followed by drying, to 
5 give 1 .27 g of polyrotaxane. 

<Gelling of the polyrotaxane> 

[0099] One hundred milligrams of the polyrotaxane 
10 obtained above was dissolved in 1 ml of dimethylsulfox- 
ide (DMSO). To this solution was added 50 microliters 
of tetraethoxysilane. The mixture was reacted at 70 °C 
for 12 hours, resulting in the formation of a transparent 
yellow gel. It was ascertained that the tetraethoxysilane 
15 was reacted with OH groups of alpha-CD in the polyro- 
taxane to crosslink alpha-CD molecules. 

INDUSTRIAL APPLICABILITY 

20 [0100] The compounds comprising crosslinked poly- 
rotaxane according to the present invention are appli- 
cable to various products due to their properties, for ex- 
ample, high absorbability, uniform expandability, and/or 
elasticity or viscoelasticity. For example, applications 
25 can include rubber bands, packing materials, agar me- 
diums, cloths, cushioning materials for soles of shoes 
such as sport shoes, shock absorbing materials (bump- 
ers) for automobiles and various devices, toys utilizing 
high water-absorption, coatings for rubbing portions of 
30 devices (for example, coatings for housings or sliding 
parts of pumps), adhesives, sealing materials for tight 
seal, dehumidifiers or dew drop removers utilizing hy- 
groscopicity, fillers for bed mats resembling waterbeds, 
materials for special effects or models, soft contact lens 
35 materials (especially, soft contact lens materials having 
high water-content and/or superior strength), tire mate- 
rials, electrophoretic gels, new foodstuffs corresponding 
to gums and others, gums for dogs, biomaterials such 
as artificial corneas, lenses, vitreous bodies, skins, mus- 
40 cles, joints, or cartilages, and also including biocompat- 
ible materials such as breast-implant materials, medical 
materials for external applying such as wet compress 
materials or wound dressings, drug delivery systems, 
earplugs, wet suits, protection mats placed on the out- 
45 field fence in a baseball stadium, arm rests for personal 
computers, disposable sanitary goods such as diapers 
for children, sanitary napkins or articles for adult incon- 
tinence, photographic sensitive materials, perfumes, 
applying materials such as coatings including various 
50 paints and the above-described coatings, functional 
membranes for separation, water-swellable rubbers, 
water-stop tapes, gabions or sandbags, materials for 
pile-extracting articles, materials for removing water in 
oil, moisture conditioning material, hygroscopic gelling 
55 materials, dehumidifiers, materials for artificial snow in 
an indoor artificial skiing slope, refractory coatings for 
buildings, materials for preventing debris avalanche, 
concrete products such as concrete-placing materials, 
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ond linear molecule to pass through the opening of 
the second cyclic molecule, and having at each end 
a second blocking group which is bulky enough to 
prevent the elimination of the second cyclic mole- 
5 cules, and the crosslinked polyrotaxane is formed 

by linking at least one of the first cyclic molecules 
and at least one of the second cyclic molecules via 
chemical bonding. 

10 5. The compound according to any one of claims 1 to 
4, wherein the first linear molecule has at least two 
first cyclic molecules included in a skewered man- 
ner and the second linear molecule has at least two 
second cyclic molecules included in a skewered 

15 manner. 

6. The compound according to any one of claims 1 to 

5, 

wherein the first linear molecule has the first 
20 cyclic molecules included in a skewered manner at 
an amount of 0.001 to 0.6 of a first maximum inclu- 
sion amount, which is defined as an amount at 
which the first cyclic molecule can be included at 
maximum when the first linear molecule has the first 
25 cyclic molecule included in a skewered manner, and 
the amount at maximum is normalized to be 1 ; and 
the second linear molecule has the second 
cyclic molecules included in a skewered manner at 
an amount of 0.001 to 0.6 of a second inclusion 
30 amount, which is defined as an amount at which the 
second cyclic molecule can be included at maxi- 
mum when the second linear molecule has the sec- 
ond cyclic molecule included in a skewered manner, 
and the amount at maximum is normalized to be 1 . 

35 

7. The compound according to any one of claims 1 to 
6, wherein the first cyclic molecule and the second 
cyclic molecule may be the same or different. 



sludge gelling agents, agents for preventing lost returns, 
tree-planting materials such as water-in-soil retaining 
agents or seedling mediums, materials for chromato- 
graphic carriers, materials for bioreactor carriers, or var- 
ious component materials for fuel cells, for example, 
various cell materials such as electrolytes and the like. 



Claims 

1. A compound comprising crosslinked polyrotaxane, 
wherein the crosslinked polyrotaxane has a first and 
a second polyrotaxane, the first polyrotaxane hav- 
ing a first linear molecule and a first cyclic molecule, 
the first linear molecule having the first cyclic mol- 
ecule included in a skewered manner which allows 
the first linear molecule to pass through the opening 
of the first cyclic molecule, and having at each end 
a first blocking group which is placed so as to pre- 
vent the elimination of the first cyclic molecule, the 
second polyrotaxane having a second linear mole- 
cule and a second cyclic molecule, the second lin- 
ear molecule having the second cyclic molecule in- 
cluded in a skewered manner which allows the sec- 
ond linear molecule to pass through the opening of 
the second cyclic molecule, and having at each end 
a second blocking group which is placed so as to 
prevent the elimination of the second cyclic mole- 
cules, each opening of the first and second cyclic 
molecules is of substantial ring, and the crosslinked 
polyrotaxane is formed by linking at least one of the 
first cyclic molecules and at least one of the second 
cyclic molecules via chemical bonding. 

2. The compound according to claim 1, wherein the 
first blocking group has bulkiness and/or ionic prop- 
erty, thereby preventing the elimination of the first 
cyclic molecules. 

3. The compound according to claim 1 or 2, wherein 
the second blocking group has bulkiness and/or 
ionic property, thereby preventing the elimination of 
the second cyclic molecules. 

4. A compound comprising crosslinked polyrotaxane, 
wherein the crosslinked polyrotaxane has a first and 
a second polyrotaxane, the first polyrotaxane hav- 
ing a first linear molecule and a first cyclic molecule, 
the first linear molecule having the first cyclic mol- 
ecule included in a skewered manner which allows 
the first linear molecule to pass through the opening 
of the first cyclic molecule, and having at each end 
a first blocking group which is bulky enough to pre- 
vent the elimination of the first cyclic molecule, the 
second polyrotaxane having a second linear mole- 
cule and a second cyclic molecule, the second lin- 
ear molecule having the second cyclic molecule in- 
cluded in a skewered manner which allows the sec- 



40 8. The compound according to any one of claims 1 to 
7, wherein the first linear molecule and the second 
linear molecule may be the same or different. 

9. The compound according to any one of claims 1 to 
45 8, wherein the first linear molecule and/or the sec- 
ond linear molecule have/has a molecular weight of 
not less than 1,000, for example, 1,000 to 
1 ,000,000, preferably not less than 5,000, for exam- 
ple, 5,000 to 1,000,000 or 5,000 to 500,000, and 

50 more preferably not less than 1 0,000, for example, 
1 0,000 to 1 ,000,000, 1 0,000 to 500,000, or 1 0,000 
to 300,000. 

10. The compound according to any one of claims 1 to 
55 9, wherein the first blocking group and the second 

blocking group may be the same or different. 

1 1 . The compound according to any one of claims 1 to 
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1 0, wherein the first blocking groups at one end and 
at another end of the first linear molecule may be 
the same or different, and the second blocking 
groups at one end and at another end of the second 
linear molecule may be the same or different. 

12. The compound according to any one of claims 1 to 

1 1 , wherein the first and/or the second cyclic mole- 
cule are/is selected from the group consisting of cy- 
clodextrins, crown ethers, benzo-crowns, dibenzo- 
crowns and dicyclohexano-crowns. 

13. The compound according to any one of claims 1 to 

1 2, wherein the first and/or the second linear mole- 
cule are/is selected from the group consisting of pol- 
yethylene glycols, polyisoprene, polyisobutylene, 
polybutadiene, polypropylene glycols, polytetrahy- 
drofuran, polydimethylsiloxane, polyethylene and 
polypropylene. 

14. The compound according to any one of claims 1 to 

13, wherein the blocking group is selected from the 
group consisting of dinitrophenyl groups, cyclodex- 
trins, adamantane groups, trityl groups, fluores- 
ceins and pyrenes. 

15. The compound according to any one of claims 1 to 

14, wherein the blocking group is a backbone or a 
side chain of a macromolecule having a molecular 
weight of 1 ,000 to 1 ,000,000. 

16. The compound according to any one of claims 1 to 

1 5, wherein at least one of the first cyclic molecules 
and at least one of the second cyclic molecules are 
chemically bonded by a crosslinking agent. 

17. The compound according to any one of claims 1 to 

16, wherein the crosslinking agent has a molecular 
weight of less than 2,000, preferably less than 
1,000, more preferably less than 600, and most 
preferably less than 400. 

18. The compound according to claim 1 6 or 1 7, wherein 
the crosslinking agent is selected from the group 
consisting of cyanuric chloride, trimesoyl chloride, 
terephthaloyl chloride, epichlorohydrin, dibro- 
mobenzene, glutaraldehyde, phenylene diisocy- 
anates, tolylene diisocyanates, divinylsulfone, 
1 ,1-carbonyldiimidazole and alkoxysilanes. 

19. The compound according to any one of claims 1 to 

18, wherein the cyclic molecules are alpha-cyclo- 
dextrin, the linear molecule is polyethylene glycol, 
the blocking group is a dinitrophenyl group, and the 
crosslinking agent is cyanuric chloride. 

20. The compound according to any one of claims 1 to 

1 9, which is a viscoelastic material or a solvent-ab- 



sorbing material. 

21. Crosslinked polyrotaxane comprising at least two 
polyrotaxane molecules, each of which has a poly- 

5 ethylene glycol molecule and an alpha-cyclodextrin 

molecule, the polyethylene glycol molecule having 
the alpha-cyclodextrin molecule included in a skew- 
ered manner which allows the polyethylene glycol 
molecule to pass through the opening of the alpha- 

10 cyclodextrin molecule, and having at each end a 
blocking group which is placed so as to prevent the 
elimination of the alpha-cyclodextrin molecule, 
wherein the crosslinked polyrotaxane is formed by 
linking the alpha-cyclodextrin molecule of each of 

15 the two polyrotaxane molecules to each other via 
chemical bonding. 

22. The crosslinked polyrotaxane according to claim 
21, comprising a first blocking group having bulki- 

20 ness and/or ionic property, thereby preventing the 
elimination of the first cyclic molecule. 

23. The crosslinked polyrotaxane according to claim 21 
or 22, comprising a second blocking group having 

25 bulkiness and/or ionic property, thereby preventing 
the elimination of the second cyclic molecule. 

24. Crosslinked polyrotaxane comprising at least two 
polyrotaxane molecules, each of which has a poly- 

30 ethylene glycol molecule and an alpha-cyclodextrin 
molecule, the polyethylene glycol molecule having 
the alpha-cyclodextrin molecule included in a skew- 
ered manner which allows the polyethylene glycol 
molecule to pass through the opening of the alpha- 
35 cyclodextrin molecule, and having at each end a 
blocking group which is bulky enough to prevent the 
elimination of the alpha-cyclodextrin molecule, 
wherein the crosslinked polyrotaxane is formed by 
linking the alpha-cyclodextrin molecules of each of 
40 the two polyrotaxane molecules to each other via 
chemical bonding. 

25. The crosslinked polyrotaxane according to any one 
of claims 21 to 24, wherein each of the two polyro- 

45 taxane molecules has at least two alpha-cyclodex- 
trin molecules included in a skewered manner by 
means of a single polyethylene glycol molecule. 

26. The crosslinked polyrotaxane according to any one 
50 of claims 21 to 25, wherein the polyethylene glycol 

molecule has the alpha-cyclodextrin molecules in- 
cluded in a skewered manner at an amount of 0.001 
to 0.6 of a maximum inclusion amount, which is de- 
fined as an amount at which alpha-cyclodextrin mol- 
55 ecules can be included at maximum when a poly- 
ethylene glycol molecule has plural alpha-cyclodex- 
trin molecules included in a skewered manner, and 
the amount at maximum is normalized to be 1 . 
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27. The crosslinked polyrotaxane according to any one 
of claims 21 to 26, wherein the blocking group is 
selected from the group consisting of dinitrophenyl 
groups, cyclodextrins, adamantane groups, trityl 
groups, fluoresceins and pyrenes. 

28. The crosslinked polyrotaxane according to any one 
of claims 21 to 27, wherein the polyethylene glycol 
molecule has a molecular weight of not less than 
1,000, for example, 1,000 to 1,000,000, preferably 
not less than 5,000, for example, 5,000 to 1 ,000,000 
or 5,000 to 500,000, and more preferably not less 
than 10,000, for example, 10,000 to 1,000,000, 
10,000 to 500,000, or 10,000 to 300,000. 

29. The crosslinked polyrotaxane according to any one 
of claims 21 to 28, wherein the blocking group is a 
backbone or a side chain of a macromolecule hav- 
ing a molecular weight of 1 ,000 to 1 ,000,000. 

30. The crosslinked polyrotaxane according to any one 
of claims 21 to 29, wherein the chemical bonding is 
formed by means of a crosslinking agent. 

31. The crosslinked polyrotaxane according to claim 
30, wherein the crosslinking agent has a molecular 
weight of less than 2,000, preferably less than 
1,000, more preferably less than 600, and most 
preferably less than 400. 

32. The crosslinked polyrotaxane according to claim 30 
or 31, wherein the crosslinking agent is selected 
from the group consisting of cyanuric chloride, tri- 
mesoyl chloride, terephthaloyl chloride, epichloro- 
hydrin, dibromobenzene, glutaraldehyde, phe- 
nylene diisocyanates, tolylene diisocyanates, divi- 
nylsulfone, 1 ,1 -carbonyldiimidazole and alkoxysi- 
lanes. 

33. The crosslinked polyrotaxane according to any one 
of claims 21 to 32, wherein the crosslinked polyro- 
taxane is a viscoelastic material or a solvent-ab- 
sorbing material. 

34. A process for producing a compound comprising 
crosslinked polyrotaxane, comprising the steps of: 
mixing a cyclic molecule and a linear molecule to 
prepare polyrotaxane in which the linear molecule 
has the cyclic molecule included in a skewered 
manner which allows the linear molecule to pass 
through the opening of the cyclic molecules, block- 
ing each end of the linear molecule with a blocking 
group so as to prevent the elimination of the cyclic 
molecule from the skewered state, and crosslinking 
two or more polyrotaxanes by linking the cyclic mol- 
ecules to each other via chemical bonding, and 
wherein each opening of the cyclic molecules is of 
substantial ring. 



35. A process for producing a compound comprising 
crosslinked polyrotaxane, comprising the steps of: 
mixing a cyclic molecule and a linear molecule to 
prepare polyrotaxane in which the linear molecule 

5 has the cyclic molecule included in a skewered 

manner which allows the linear molecule to pass 
through the opening of the cyclic molecule, blocking 
each end of the linear molecule with a blocking 
group so as to prevent the elimination of the cyclic 

10 molecules from the skewered state, and crosslink- 
ing two or more polyrotaxanes by linking the cyclic 
molecules to each other via chemical bonding. 

36. The process according to claim 34 or 35, wherein 
15 the blocking group at each end of the linear mole- 
cule may be the same or different. 

37. The process according to any one of claim 34 to 36, 
wherein the blocking group has bulkiness and/or 

20 ionic property, so as to prevent the elimination of 
the cyclic molecules from the skewered state. 

38. The process according to any one of claim 34 to 37, 
wherein in the step of preparing polyrotaxane, the 

25 preparing conditions including the preparation time 
and temperature are set and/or controlled, such that 
at least two cyclic molecules are included in a skew- 
ered manner by means of a single linear molecule. 

30 39. The process according to any one of claim 34 to 38, 
wherein in the step of preparing polyrotaxane, the 
preparing conditions are controlled, such that the 
linear molecule has the cyclic molecules included 
in a skewered manner at an amount of 0.001 to 0.6, 

35 preferably 0.01 to 0.5, and more preferably 0.05 to 
0.4, of a maximum inclusion amount, which is de- 
fined as an amount at which the cyclic molecule can 
be included at maximum when the linear molecule 
has the cyclic molecules included in a skewered 

40 manner, and the amount at maximum is normalized 
to be 1 . 

40. The process according to any one of claims 34 to 
39, wherein the compound is a viscoelastic material 

45 or a solvent-absorbing material. 

41. A process for producing a compound comprising 
crosslinked polyrotaxane, comprising the steps of: 
mixing alpha-cyclodextrin and polyethylene glycol 

50 to prepare polyrotaxane in which the polyethylene 
glycol has the alpha-cyclodextrin included in a 
skewered manner which allows the polyethylene 
glycol to pass through the opening of the alpha-cy- 
clodextrin, blocking each end of the polyethylene 

55 glycol molecule with a blocking group so as to pre- 
vent the elimination of the alpha-cyclodextrins from 
the skewered state, and crosslinking two or more 
polyrotaxane molecules by linking the alpha-cyclo- 
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dextrins to each other via chemical bonding. 

42. The process according to claim 41, wherein the 
blocking group has bulkiness and/or ionic property, 
so as to prevent the elimination of the cyclic mole- 
cule from the skewered state. 

43. The process according to claim 41 or 42, wherein 
in the step of preparing polyrotaxane, the preparing 
conditions including the preparation time and tem- 
perature are set and/or controlled, such that at least 
two alpha-cyclodextrin molecules are included in a 
skewered manner by means of the single polyeth- 
ylene glycol molecule. 

44. The process according to any one of claim 41 to 43, 
wherein in the step of preparing polyrotaxane, the 
preparing conditions are controlled, such that the 
polyethylene glycol molecule has the alpha-cyclo- 
dextrin included in a skewered manner at an 
amount of 0.001 to 0.6, preferably 0.01 to 0.5, and 
more preferably 0.05 to 0.4, of a maximum inclusion 
amount, which is defined as an amount at which al- 
pha-cyclodextrin can be included at maximum when 
the polyethylene glycol molecule has alpha-cyclo- 
dextrin included in a skewered manner, and the 
amount at maximum is normalized to be 1 . 

45. The process according to any one of claims 41 to 
44, wherein the compound is aviscoelastic material 
or a solvent-absorbing material. 

46. A process for producing a compound comprising 
crosslinked polyrotaxane, comprising the steps of: 
providing a bicyclic molecule with a first and second 
substantial rings, mixing the bicyclic molecule with 
a first linear molecule and a second linear molecule 
to prepare crosslinked polyrotaxane in which the 
first linear molecule has the bicyclic molecule in- 
cluded in a skewered manner which allows the first 
linear molecule to pass through the opening of the 
first ring of the bicyclic molecule, and the second 
linear molecule has the bicyclic molecule included 
in a skewered manner which allows the second lin- 
ear molecule to pass through the opening of the 
second ring of the bicyclic molecule, and which is 
formed by linking the bicyclic molecules; and block- 
ing each end of the linear molecules with a blocking 
group so as to prevent the elimination of the bicyclic 
molecules from the skewered state. 

47. The process according to claim 46, wherein the first 
and second linear molecules may be the same or 
different. 

48. The process according to claim 46 or 47, wherein 
the first and/or second substantial ring are/is an 
open ring, and before and/or after the blocking step, 



the process comprises the step of closing the open 
ring. 

49. The process according to any one of claims 46 to 
5 48, wherein the blocking group at each end of the 

linear molecule may be the same or different. 

50. The process according to any one of claims 46 to 

49, wherein the blocking group has bulkiness and/ 
10 or ionic property, so as to prevent the elimination of 

the cyclic molecules from the skewered state. 

51. The process according to any one of claims 46 to 

50, wherein in the step of preparing crosslinked 
15 polyrotaxane, the linear molecule has at least two 

bicyclic molecules included in a skewered manner. 

52. The process according to any one of claims 46 to 

51, wherein in the step of preparing crosslinked 
20 polyrotaxane, the preparing conditions including 

the preparation time and temperature are set or 
controlled, such that at least two bicyclic molecules 
are included per linear molecule in a skewered 
manner. 

25 

53. The process according to any one of claims 46 to 

52, wherein in the step of preparing crosslinked 
polyrotaxane, the bicyclic molecule is included in a 
skewered manner through the linear molecule at an 

30 amount of 0.001 to 0.6 of a maximum inclusion 
amount, which is defined as an amount at which the 
bicyclic molecule can be included at maximum, 
when the linear molecule has the bicyclic molecule 
included in a skewered manner, and the amount at 

35 maximum is normalized to be 1 . 

54. The process according to any one of claims 46 to 

53, wherein in the step of preparing crosslinked 
polyrotaxane, the preparing conditions including 

40 the preparation time and temperature are set or 
controlled, such that the bicyclic molecule is includ- 
ed in a skewered manner through the linear mole- 
cule at an amount of 0.001 to 0.6 of the maximum 
inclusion amount, which is defined as an amount at 
45 which the bicyclic molecule can be included at max- 
imum, when the linear molecule has the bicyclic 
molecule included in a skewered manner, and the 
amount at maximum is normalized to be 1 . 

50 55. The process according to any one of claims 46 to 

54, wherein the compound is a viscoelastic material 
or a solvent-absorbing material. 

56. A compound comprising crosslinked polyrotaxane 
55 formed by crosslinking a first polyrotaxane and a 
second polyrotaxane, wherein the first polyrotax- 
ane has a first linear molecule and a first cyclic mol- 
ecule, the first linear molecule having the first cyclic 
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molecule included in a skewered manner which al- 
lows the first linear molecule to pass through the 
opening of the first cyclic molecule, and having at 
each end a first blocking group which is placed so 
as to prevent the elimination of the first cyclic mol- 
ecule, the second polyrotaxane has a second linear 
molecule and a second cyclic molecule, the second 
linear molecule having the second cyclic molecule 
included in a skewered manner which allows the 
second linear molecule to pass through the opening 
of the second cyclic molecule, and having at each 
end a second blocking group which is placed so as 
to prevent the elimination of the second cyclic mol- 
ecule, each ring of the first and second cyclic mol- 
ecules is of substantial ring, and the crosslinking is 
formed via chemical bonding between at least one 
of the first cyclic molecules and at least one of the 
second cyclic molecules, and wherein the first cyclic 
molecule is movable between the ends of the first 
linear molecule, and the second cyclic molecule is 
movable between the ends of the second linear 
molecule, so that when force is applied to the com- 
pound, the first and second cyclic molecules are 
moved, so as for the force to be equally dispersed, 
whereby providing the compound having viscoelas- 
tic property. 

57. The compound comprising crosslinked polyrotax- 
ane according to any one of claims 1 to 1 9, wherein 
the first cyclic molecule is movable between the 
ends of the first linear molecule, the second cyclic 
molecule is movable between the ends of the sec- 
ond linear molecule, so that when force is applied 
to the compound, the first cyclic and second cyclic 
molecules are moved, so as for the force to be 
equally dispersed, whereby providing the com- 
pound having viscoelastic property. 

58. A compound comprising crosslinked polyrotaxane 
formed by crosslinking a first polyrotaxane and a 
second polyrotaxane, wherein the first polyrotax- 
ane has a first linear molecule and a first cyclic mol- 
ecule, the first linear molecule having the first cyclic 
molecule included in a skewered manner which al- 
lows the first linear molecule to pass through the 
opening of the first cyclic molecule, and having at 
each end a first blocking group which is placed so 
as to prevent the elimination of the first cyclic mol- 
ecule, the second polyrotaxane has a second linear 
molecule and a second cyclic molecule, the second 
linear molecule having the second cyclic molecule 
included in a skewered manner which allows the 
second linear molecule to pass through the opening 
of the second cyclic molecule, and having at each 
end a second blocking group which is placed so as 
to prevent the elimination of the second cyclic mol- 
ecule, each ring of the first and second cyclic mol- 
ecules is of substantial ring, and the crosslinking is 



formed via chemical bonding between at least one 
of the first cyclic molecules and at least one of the 
second cyclic molecules, and wherein the viscoe- 
lastic property of the compound is controlled by con- 

5 trolling any one selected from the group consisting 

of: an amount of the first cyclic molecule to be in- 
cluded through the first linear molecule; an amount 
of the second cyclic molecule to be included 
through the second linear molecule; molecular 

10 weight and rigidity of the first and second linear mol- 
ecules; and degrees of crosslinking between the 
first cyclic molecule and the second cyclic molecule. 

59. The compound according to any one of claims 1 to 
15 19 ? wherein the viscoelastic property of the com- 
pound is controlled by controlling any one selected 
from the group consisting of: an amount of the first 
cyclic molecule to be included through the first lin- 
ear molecule; an amount of the second cyclic mol- 

20 ecule to be included through the second linear mol- 
ecule; molecular weight and rigidity of the first and 
second linear molecules; and degrees of crosslink- 
ing between the first cyclic molecule and the second 
cyclic molecule. 

25 

60. A contact lens comprising the compound according 
to any one of claims 1 to 1 9 and 56 to 59. 

61. A biomaterial comprising the compound according 
30 to any one of claims 1 to 1 9 and 56 to 59. 

62. A medical material comprising the compound ac- 
cording to any one of claims 1 to 1 9 and 56 to 59. 

35 63. A tire comprising the compound according to any 
one of claims 1 to 1 9 and 56 to 59. 

64. A coating material comprising the compound ac- 
cording to any one of claims 1 to 1 9 and 56 to 59. 

40 

65. An adhesive comprising the compound according 
to any one of claims 1 to 1 9 and 56 to 59. 

66. The crosslinked polyrotaxane according to any one 
45 of claims 21 to 32, wherein the alpha-cyclodextrin 

molecules are movable between ends of the poly- 
ethylene glycol molecule, and when force is applied 
to the crosslinked polyrotaxane, the alpha-cyclo- 
dextrin molecules are moved relatively to the poly- 
50 ethylene glycol molecule, so that the force can be 
equally dispersed, whereby providing the 
crosslinked polyrotaxane having viscoelastic prop- 
erty. 

55 67. The crosslinked polyrotaxane according to any one 
of claims 21 to 32, wherein the viscoelastic property 
of the crosslinked polyrotaxane is controlled by con- 
trolling any one selected from the group consisting 
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of: an amount of the alpha-cyclodextrin molecule to 
be included through the polyethylene glycol mole- 
cule; molecular weight and rigidity of the polyethyl- 
ene glycol; and degrees of crosslinking between the 
alpha-cyclodextrins. 5 



68. A contact lens comprising the crosslinked polyro- 
taxane according to any one of claims 21 to 32, 66 
and 67. 

10 

69. A biomaterial comprising the crosslinked polyrotax- 
ane according to any one of claims 21 to 32, 66 and 
67. 

70. A medical material comprising the crosslinked poly- 15 
rotaxane according to any one of claims 21 to 32, 

66 and 67. 

71. A tire comprising the crosslinked polyrotaxane ac- 
cording to any one of claims 21 to 32, 66, and 67. 20 

72. A coating material comprising the crosslinked poly- 
rotaxane according to any one of claims 21 to 32, 
66 and 67. 

25 

73. An adhesive comprising the crosslinked polyrotax- 
ane according to any one of claims 21 to 32, 66 and 
67. 
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